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INTRODUCTION
Molecules, cells, organs, and entire living organisms can recognize and respond to various environmental stresses. Furthermore, organisms can attempt to adapt to changed environments. After being released or escaping from these altered or stress producing environments, organisms can reverse or abolish their responses, and seek to resume their normal level of homeostasis. However, when organisms are exposed to excessive changes of stressful environments, an organism cannot adapt, and environmental changes become lethal. Various environment changes or challenges can include radiation, ultraviolet (UV) light, etc. Sensitivities to changed environments will be determined primarily by two components: one is genetic, and the other is non-genetic. The non-genetic response is determined by the organism's experience in a changed environment. Previous exposure to ionizing radiation, UV, or heat at mild doses (recognized as a priming treatment) can lead to resistance to these agents at subsequent higher challenging doses. The mechanisms involved in an adaptive response to harmful agents are quite important from the aspect of radiation research, especially at the molecular level.
THE RADIOADAPTIVE RESPONSE

Mammalian cell culture systems
In 1986, Wolff and his coworkers reported that when cultured mammalian cells were exposed to beta radiation from radioactive thymidine incorporated into their nuclei, the number of chromosomal aberrations induced by a later acute irradiation of high dose X-rays was depressed. 1) In these experiments, a priming irradiation using endogenous radioisotopes was done under chronic conditions. In later experiments, a low dose acute conditioning irradiation was called the priming radiation (PR) (this was a low dose of X-rays), and a subsequent challenging irradiation (CR) was delivered as a high dose of X-rays. Cellular responses were characterized by a reduction of certain deleterious effects normally expected from the CR, i.e., cell killing, gene mutations, micronuclei formation, chromosomal aberrations, sister chromatid exchanges, and malignant transformation. 2, 3) Currently, it is clear that this radio-adaptation has two specific characteristics. One is a special "window" of doses for the PR, and the other is the specific time "interval" between the PR and the CR. It is also quite clear that this radioadaptation process requires RNA synthesis and protein synthesis after the PR. In cells cultured in in vitro systems, the range of time intervals required to induce a radio-adaptive response was much shorter (a maximum of 7 h) than in mouse in vivo systems. 4) Moreover, in mammalian cell culture systems, a PR dose of 0.02 Gy delivered 5 h before a CR dose significantly enhanced the survival rate and resulted in a reduction of induced chromosomal aberrations. 5) This radio-adaptive response is dependent on the presence of a wild type (wt) p53 gene. 2, 3, 6) Recently, inter-esting data from cultured human squamous cell carcinomas bearing wtp53 ( Fig. 1 ) have been acquired. An acute high dose irradiation of 3 Gy (1 Gy/min) of X-rays as a CR induced p53-dependent apoptosis through the accumulation of p53, the bcl-2 associated x protein (Bax), and the activation of caspase-3, and the activated caspase-3 digests itself and poly(ADP-ribose) molecules, and this allows the cell to proceed towards apoptosis. This p53-dependent apoptosis was clearly depressed by a CR delivered immediately after a PR with X-rays at a low dose-rate of 0.001 Gy/min for 25 h, but not at 48 h after the delivery of the CR.
3) It has also been reported that the p53-response was not observed at 48 h after the PR in human cultured glioblastoma cells. 7) In the case of mutated (m) p53 cells, on the other hand, these radioadaptive responses were not observed. These results suggest that the CR leads to an induced degradation of p53 molecules which is initiated by some radiation induced signaling event. It has also been suggested that the effects of a low dose-rate radiation exposure are forgotten or are somehow diminished over time, and/or the effect is not passed on to daughter cells, because any damage or changes produced in the irradiated cells may have been repaired. In attempting to identify molecular mechanisms underlying the radio-adaptive response, a wtp53 cell line and an mp53 cell line were constructed from the human lung cancer H1299 cell line. The parental H1299 cell line is p53-null. When wtp53 cells were exposed to a PR of a low dose X-irradiation, the induction of radio-resistance was observed only in the absence of RITA (an inhibitor of p53-human double minute 2 (Hdm) interactions), Nutlin-3 (a specific inhibitor of the interaction between p53 and Hdm2), aminoguanidine (AG is an inducible nitric oxide (NO) synthase (iNOS) inhibitor) and c-PTIO (a specific scavenger for NO radicals) 7, 8) (Fig. 2) . In contrast, the induced radio-resistance was not observed under similar conditions in mp53 cells. Moreover, radioresistance developed when wtp53 cells were treated with isosorbide dinitrate (ISDN, an NO generating agent) alone. 7, 8) These findings suggest that NO radicals are an initiator of radio-resistance, and function through the activation of Hdm2 and the depression of p53 accumulation. In wtp53 cells, it was demonstrated that a lack of p53 accumulation was coupled with the activation of Hdm2 (which serves as a ubiquitin ligase to target p53 for degradation) after a PR at a low dose. In a similar manner, the induction of chromosomal aberrations (dicentrics) with a CR after a PR was depressed in the absence of RITA, AG and c-PTIO 8) (Fig. 2 ). These findings suggest that the NO radical is an initiator of the radio-adaptive response through the activation of Hdm2 and the depression of p53 accumulations.
Organ systems
It was reported that a DSB repair enzyme associated with recombination repair (RR) through non-homologous end joining is a DNA-dependent protein-kinase (DNA-PK), and plays a role in the radio-adaptive response (Fig. 3) . 9, 10) When wild type (Wt) mice were exposed to 3 Gy of radiation (c), the size of the spleen was reduced, but this did not occur with a 0.45 Gy exposure (b). However, when Wt mice were exposed to a prior priming irradiation (PR) of 0.45 Gy, a CR of 3 Gy did not cause a reduction in the size of the spleen, and it appeared that the PR protected the mice from a CRinduced reduction of the spleen (d). However, when DNA-PK defective radiosensitive mutant Scid mice (Scid; severe combined immunodeficiency with sensitivity towards ionizing radiation) were irradiated with a CR 2 weeks after a PR, the reduction in spleen size was enhanced (d). A CR of 3 Gy induced efficient apoptosis in both strains, the Scid mice and Wt mice. The size of the spleen in Scid mice and in Wt mice corresponded well with the frequency of CR-induced apoptosis (C). As observed with the spleen size, a PR depressed the CR-induced apoptosis level in Wt mice, but not in Scid mice.
Whole body systems in mice
A PR with a low dose generally induces a radio-adaptive response as assessed by chromosomal aberrations and mutations. 11, 12) In order to generate radio-resistance, it has been found that optimal intervals and priming doses are required. In whole body in vivo systems, there were two different types of radio-resistance observed after a low dose PR in mice (Fig. 4) . One required a 2 week interval (the dose interval window) after a pre-or priming irradiation with 0.30-0.50 Gy of X-rays for the induction of radio-resistance 13, 14) ( Fig. 4Ba) . The second type of radio-resistance required a 2-2.5 month interval (the dose interval window) after a 0.05-0.10 Gy dose PR of X-rays 14) (Fig. 4Bb) . The mechanism leading to these observations is still discussed. About the Fig. 4Bb phenomenon, one possible mechanism was reported from an aspect of blood system. 15) On the other hand, the immune systems may be contributed to Fig. 4Ba phenomenon.
ADAPTIVE RESPONSE TO UV EXPOSURE
Many organisms, such as plants and humans, have an adaptive response to protect them against UV light. The earliest system studied was UV-reactivation in Escherichia (E.) coli cells. A pre-UV exposure with low doses of UV induces UV-resistance and host cell reactivation, i.e. UV-irradiated phages which infect UV-irradiated E. coli host cells had high survival levels when compared to their infection of cells which had not been subjected to a prior UV irradiation. 16) This occurs because UV-irradiated E. coli cells minimize the genotoxic effects of UV which are harmful to phage. It had been expected that multiple biological mechanisms would have probably evolved with the ability to repair damage in UV-irradiated phage. Reported DNA repair processes include photoreactivation (PhR), nucleotide excision repair (NER), and RR. 17) PhR is dependent on the single enzyme DNA photolyase, 18) while NER and RR proceed through a number of discrete enzymatic steps. 19) PhR rapidly converts pyrimidine dimers (CPDs) back into undamaged bases by using near-UV/blue-light (300-500 nm) as an energy source. In other words, living organisms can repair CPDs by utilizing the near-UV/blue light component in sunlight, even when their DNA is damaged by solar UV radiation. Photolyases exist in bacteria, lower eukaryotes, plants, and in many animals including marsupials, but not in placental mammals (e.g. humans and mice). 20) It was reported that the E. coli photolyase is inducible by far and near UV through the SOS response: there is an SOS box upstream of the photolyase gene which is recognized by a LexA repressor gene (transcriptional repressor of the SOS response) and the repressor is cleaved by the RecA protease after a pre-irradiation with UV. 21, 22) It has also been reported that in Euglena cells, PhR activity is involved in growth and chloroplast development. 23, 24) In Euglena cells, a PhR enzyme has been isolated and characterized. 25) An adaptive response induced by UV-B irradiation on PhR activity in Euglena cells cultured in the dark or under UV-B light has also been demonstrated. 26) It is thought that the number of CPDs present after exposure to higher UV-C doses is enough to saturate the repair capacity of the PhR activity present in Euglena cells. In support of this hypothesis, it has been pointed out that Paramecium tetraurelia also has a limitation on the capacity of its PR activity. 27) In most organisms, another survival mechanism is an accumulation of biosynthetic UV-absorbing compounds such as mycosporine-like amino acids, flavonoids, and melanin which can reduce the amount of DNA damage inflicted by harmful solar UV radiation. [28] [29] [30] [31] In plants, a UV-adaptive response is seen in Centaurea (C.) cyanus (Fig. 5) . 28) A UVB-absorbing substance appears in increasing concentrations in C. cyanus cultured cells which were subjected to a prior exposure of UVB. The spectrum of the substance is quite similar to flavonoids, and probably an antocyanin. It's absorption spectrum might protect cells from UV damage, especially DNA damage, after exposures to UVC and UVB. In fact, the number of UVC-induced CPDs was depressed in the pre-UVB irradiated cells when compared with non-irradiated cells. In addition, the pre-UVB irradiated cells were more resistant to UVC than non-irradiated cells. In humans, however, it is melanin which reduces DNA damage from harmful UVB. Cultured cells containing high levels of mel- anin were UVC-and UVB-resistant and displayed a low efficiency of UVC-induced CPDs when compared to cells containing low concentrations of melanin. 29) In addition, CPD formation depends on the cellular content of melanin in different colored skin. 32) Interestingly, a newly reported function of p53 is to induce melanogenesis in human cultured cells to protect the cells against harmful UV and subsequent cancer induction.
33)
ADAPTIVE RESPONSE TO HEAT
A pre-heat treatment induces heat-resistance, or thermotolerance. This phenomenon exists widely in bacteria, plants and animals. Thermotolerance is mediated by a family of heat shock proteins (HSPs). [34] [35] [36] These have been classified into groups consisting of Hsp90, Hsp70, Hsp60, Hsp40 and small HSPs, and there are also additional variants of some of these HSP family members. Recently, it has been reported that HSPs function primarily as molecular chaperones which organize or help to fold newly synthesized proteins into their proper structure, and also can refold denatured and damaged heat-labile proteins back into their normal conformation. These actions can thus provide cells with thermotolerance. From these aspects, there is no report about proteins which are heat labile, yet. To examine this, work is described here about investigations of heat-sensitive Polβ which is an important molecule involved in DNA replication and DNA repair processes. To see if the loss of Polβ induction impaired thermotolerance, Polβ+/+ and Polβ-/-murine embryonic fibroblasts (MEFs) were heated at 45.5°C (with or without a priming-or pre-heat at 45.5°C for 5 min), and cell viability was measured (Fig. 6A) . 37) Both types of MEF cells showed similar levels of heat sensitivity without a preheat treatment, but pre-heating markedly increased cell viability in the Polβ+/+ cells. Although thermotolerance reached its peak at 12 h after a pre-heat treatment in both types of cells, thermotolerance was reduced in Polβ-/-cells. Thermotolerance in Polβ-/-cells was reduced about 1/2-1/3 when compared with thermotolerance in Polβ+/+ cells (Fig.  6B) . 38) To demonstrate the effect of HSPs on thermotolerance, cells were exposed to KNK437 (Fig. 6C) , 37) an inhibitor of HSPs. There was no significant effect of KNK437 alone on heat sensitivity in either type of MEF. However, thermotolerance was markedly suppressed by KNK437, not only in Polβ+/+ cells, but also in Polβ-/-cells. The maximum efficiency of a pre-heat treatment on thermal tolerance ratios (TTR) was found in Polβ+/+ cells, and occurred approximately 12 h after a pre-heat treatment. However, there was much less of an effect from a pre-heat treatment in Polβ-/-cells (Fig. 6D) . 37) Although HSPs can rescue or restore many other heat-labile proteins besides Polβ, these findings suggest that Polβ contributes to thermotolerance through reactivation and stimulation from HSPs, and leads to fewer DSBs forming.
MOLECULES RESPONSIVE TO RADIATION, UV, AND HEAT
In the past, when viable cells were exposed to radiation, UV, and heat, it was thought that the biological activity of most cellular components suffered at the molecular level. With the use of modern biotechnology methods, however, it can be seen that the activity of many molecules is enhanced, even after exposure to deleterious agents. In addition, these molecules experiencing enhanced activity can induce biological activity. An important question then is what kinds of changes in biological molecules induce the first events in response to exposures to radiation, heat, and UV.
Protein phosphorylation
Modulation of gene expression in response to ionizing radiation is the focus of recent studies in the field of radiation biology. A series or chain of sequential reactions is induced by radiation: this is a signal transduction pathway. The first trigger for gene expression is thought to be posttranslational modifications of proteins, and these steps proceed through a series of phosphorylations, acetylations and poly (ADP)-ribosylation steps. The initial reaction appears to be phosphorylation, which is a protein-kinase activity (Fig. 7) . The activation of this enzymatic activity is initiated by binding to DSBs induced by environmental stresses. Irradiation with ionizing radiation such as X-rays and gamma-rays induces DSBs directly or indirectly though radicals. The damage-recognizing protein-kinases such as DNA-PK and ataxia telangiectasia and RAD3-related protein-kinase (ATR) are activated after binding to the neighborhood of DSBs in DNA. 38) Irradiation with UV also activates DNA-PK, ATR, and ataxia telangiectasia mutated (ATM). UVA and UVB produce DSBs through radicals indirectly through the photosensitization of de novo porphyrins, sepiapterins, NADH, flavins, pterins, quinones, folic acid, etc. 39) In addition, these radicals produce damage at guanine residues. In the case of UVC, DSBs appear during the excision repair processes for CPDs and 6-4 photoproducts. Thus DSBs can lead to different signal transduction pathways which can guide the cell to cell death, cell cycle arrest, or DNA repair (Fig. 7) . One process is cell cycle alteration or inhibition which is affected by the checkpoint kinases Chk1, Chk2. Another pathway is regulated by the cyclin-dependent kinases (Cdc) 25A and Cdc25C which affect downstream genes through numerous phosphorylation steps in many proteins. Finally, cells can be blocked at the G1 and G2 phases of the cell cycle. During these cell cycle blocks, DNA repair is enhanced without the presence of DNA synthesis and cell division which can lead to error prone events. When DNA damage is excessive and above the capacity for repair, however, cells are guided to apoptosis through p53 activation, Bax gene induction, caspase activation, PARP, and DNA degradation. Thus, these signal transductions pathways lead to a reduction of DNA instability which can be manifested as a depression of mutation rates, transformation and cancer causing events. For these reasons, p53 is sometimes called "the guardian of the genome " .
40)
Gene expression
When cells are exposed to radiation, UV and heat, p53 molecules are phosphorylated by ATM, ATR, and DNA-PK and act as signal transduction elements which can block cell cycle progress and DNA repair, and lead to cell death, (Fig.  7) . Activated p53 binds to p53 responsive elements (p53RE; p53 consensus gene, pCON) upstream of p53-regulated genes (of which there are many). One gene is the Hdm2 which controls ubiquitination activity 41) (Fig. 7) . On the other hand, UV induces xeroderma pigmentosum (XP) C and damaged DNA-binding protein 2 genes through p53 phosphorylation. 42) In addition, p53 binds to XPB and XPD directly and aids DNA repair. The cell can thus return to a normal state after p53-induced phenomenon.
After exposure to radiation, UV and heat, the family of HSP genes is induced. 43, 44) A change in the cellular environment can induce the phosphorylation of the heat shock factor (HSF) and activate enzymes which bind to heat shock elements upstream of the HSP genes, 45) and lead to the induced expression of HSP genes. When this occurs, there are two possible mechanisms for a low dose pre-treatment to lead to p53-dependent radio-and heat-resistance. 46) Possibility mechanism is that Hsp70 might be involved, because p53 represses the activity of the Hsp70 promoter via interactions with the CAAT binding factor. 47) In fact, a low dose or a low dose-rate irradiation induces expression of Hsp70. [48] [49] [50] [51] In addition, it was reported that radio-and heat-resistance in cells resulted from the induction of Hsp70 in response to a pre-or priming irradiation.
50)
Co-operative interactions with other proteins
Extreme doses of radiation, UV and heat induce cell death. The initial mechanism leading to cell death is believed to be phosphorylation of p53 molecules which leads to the induction of gene expression in p53-regulated genes such as the Bax gene. The Bax gene induces apoptosis in the cells, but the B-cell leukemia 2 protein (Bcl-2) is an antagonist to Bax. Interestingly, p53 molecules can bind to Bcl-2, and depress their antagonistic activity towards apoptosis. 52) Thus, p53 functions during the apoptosis process by inducing and depressing gene expression in apoptosisrelated genes. Both mp53 and wtp53 can also bind to a kind of stress proteins such as Hsp72 which is induced by X-rays, UV and heat.
43) The binding of mp53 to Hsp72 is tighter than that of wtp53. In cell death processes, apoptosis progress is determined by the formation of an apoptosome consisting of apoptosis protease-activating factor-1 (Apaf-1), cytochrome c (Cyt c) and caspase-9. Here, Hsp72 and Hsp27 bind to Apaf-1 and Cyt c, respectively. Then, these HSPs depress apoptosis through the inhibition of apoptosome formation. In normal conditions, the amounts of HSP proteins present are controlled by their binding to HSP and heat shock factor (HSF), providing possible feedback control. When cancer cells have an mp53 gene, the mp53 binds to HSP, and then HSP, is released from HSF. The released HSF binds to heat shock elements and promotes the induction of excess HSP. Therefore, the level of HSPs in mp53 cells increases more than in wtp53 cancer cells. That means that mp53 cells are more resistant to stresses than wtp53 cells. In fact, it has been reported that mp53 cancer cells are resistant to radiation, hyperthermia, and chemical (especially cisplatin) therapies. [53] [54] [55] Of course, wtp53 can enhance activity of apoptosis-related genes, including the Bax gene, and promote apoptosis more efficiently than mp53.
